In this paper, the scattering states of the spinless-Salpeter equation are investigated for Hulthén and hyperbolic-type potentials for any arbitrary l-state. Approximate analytical formulae of the wave functions and the scattering phase shifts are reported.
Introduction
The knowledge on the scattering states and related parameters such as the phase shift, transmission and reection coecients is a primary step in many physical studies including the nuclear and particle physics in both non-relativistic and relativistic quantum mechanics. A very challenging step in such cases is the centrifugal term which does not allow for an exact analytical solution in most cases. During the past years, various techniques have been proposed and applied to deal with such problems [110] and a variety of interactions, including Hulthén [11] , PoschlTeller [12] and WoodsSaxon [13] potentials have been studied. To provide a general solution for exponential potentials without having to deal with the cumbersome and rather vague numerical procedure is making use of an exponential approximation to the inverse square centrifugal term. Here, we consider the scattering states of the two-body spinless--Salpeter equation (SSE) under the Hulthén potential and an exponential-type potential which possesses interesting physical nature. These potentials have been successfully applied to nuclear, particles, atomic, condensed matter, and chemical physics [1416] .
2. Scattering states of the arbitrary l-wave spinless-Salpeter equation
The SSE for two particles interacting in a spherically symmetric potential in the center of mass system appears as [17] :
where χ(r) = R nl (r)Y lm (θ, ϕ). In the case of heavy interacting particles, we can write ( = c = 1):
where we have applied the well-known transformation * corresponding author; e-mail: h.hasanabadi@shahroodut.ac.ir R n,l (r) = ψ n,l (r)/r (3) and
The Hulthén potential
The Hulthén potential is given by
where V 0 and α are constant coecients. Substitution of Eq. (6) in Eq. (2) gives
where we make use of the elegant approximation to get rid of the centrifugal term [18, 19] 
and
By using the new variable y = 1 − exp(−αr) we have
(10) In order to obtain the solution to Eq. (10), we take the radial wave functions of the form
Substitution of Eq. (11) into Eq. (10) allows us to obtain the following dierential equation:
whose solutions are nothing but the hypergeometric functions [20] :
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Using relation (11), we may write down the radial wave functions as
(17) We write the asymptotic form of the wave function given in Eq. (17) to obtain the scattering phase shifts and the normalized factor. For this purpose, we use the property of the hypergeometric functions [12] 2 F 1 (a, b; c; 0) = 1, (18a)
(18b) By using Eq. (18), for r → ∞ we can write
where
Therefore, we have the asymptotic form of the (17) for
From the boundary condition of [4, 19] :
and a comparison with Eq. (22), the phase shifts and the normalized constant can be found as
The hyperbolic-type potential
Now, we study the hyperbolic type potential [17, 21] and [22] :
(25) Substitution of Eq. (25) into Eq. (2) gives
In deriving Eq. (26), we have used the Pekeris-type approximation in Eq. (8) . Applying the two transformations, i.e., x = 1 − exp(−2αr) and ψ n,l (x) = x ξ1 (1 − x) ξ2 f n,l (x) we write Eq. (26) into the form of
(30) The solution of Eq. (28) can be expressed in hypergeometric functions as
(31) Therefore the wave functions of the system are
(32) To obtain the normalized constant and the phase shifts we once again use the properties of hypergeometric functions given in Eq. (18) . Thus, 2 F 1 (γ 1 , γ 2 , γ 3 ; 1 − e −2αr ) for r → ∞ can be written as
(34) Substitution of Eq. (33) into Eq. (32) leads to
The normalization constant and the phase shift in this case respectively are
3. Conclusion
We have studied the scattering states of the SSE for the Hulthén and hyperbolic-type potentials. The normalized wave functions of scattering states and the formula of phase shifts are presented after some approximation to the centrifugal term. Results are useful in quantum mechanics and particle physics.
